Microbiologically influenced corrosion (MIC) of carbon steel infrastructure is an emerging environmental and cost issue for the ethanol fuel industry, yet its examination lacks rigorous quantification of microbiological parameters that could reveal effective intervention strategies. To quantitatively characterize the effect of cell concentration on MIC of carbon steel, numbers of bacteria exposed to test coupons were systematically controlled to span four orders of magnitude throughout a seven-day test. The bacterium studied, Acetobacter aceti, has been found in ethanol fuel environments and can convert ethanol to the corrosive species acetic acid. A. aceti biofilms formed during the test were qualitatively evaluated with fluorescence microscopy, and steel surfaces were characterized by scanning electron microscopy. During exposure, biofilms developed more quickly, and test reactor pH decreased at a faster rate, when cell exposure was higher. Resulting corrosion rates, however, were inversely proportional to cell exposure, indicating that A. aceti biofilms are able to protect carbon steel surfaces from corrosion. This is a novel demonstration of corrosion inhibition by an acid-producing bacterium that occurs naturally in corrosive environments. Mitigation techniques for MIC that harness the power of microbial communities have the potential to be scalable, inexpensive, and green solutions to industrial problems.
Introduction
Corrosion is a massive problem facing the industrialized world, arising as a result of material interactions with the environment. Microbes are an undeniable and often highly active element of those environments. General corrosion costs can be on the order of 3-4% of the gross national product of an industrialized nation, including the United States ( Ref 1, 2) . About half of the total cost is attributed to microbiologically influenced corrosion (MIC), meaning that billions of dollars are associated with MIC annually (Ref [3] [4] [5] . One industrial niche currently experiencing a rising incidence of MIC is that of ethanol fuel suppliers ( Ref 6) . As a result of the relatively high affinity of ethanol for water, the ethanol fuel industry may face far more expensive corrosion issues than the traditional fuel industries from which it inherits many industrial practices, such as the use of carbon steel for storage and transportation infrastructure . As ethanol fuel production and infrastructure needs expand (Ref 10) , MIC-associated costs could increase further.
Many studies have demonstrated accelerated metal corrosion rates in the presence of microbial flora (Ref 4, 11, 12) , while others have shown the opposite effect that certain microbial biofilms are able to protect surfaces from corrosion (Ref 13, 14) . Even the same bacterial species have been implicated as corrosive or protective, depending on the study conditions (Ref 15) . Sulfate-reducing bacteria do not feature prominently in MIC inhibition studies, but iron-reducing bacteria (primarily species of Shewanella) have been implicated in both destructive and protective roles (Ref 1) . Shewanella oneidensis MR-1, a facultative anaerobe, protected carbon steel from corrosion through both its direct consumption of oxygen and its reduction of Fe(III) to diffusible Fe(II) (Ref 16, 17) . Fe(II)will readily combine with oxygen in solution, thereby serving as an additional sink for oxygen and slowing oxygeninduced corrosion. The iron reducer was able to protect surfaces from corrosion even in a mixed community with sulfatereducing bacteria (Ref 18) . Similarly, an iron-reducing consortium isolated from a sour oil well, including close relatives of Shewanella oneidensis, was recently shown to lower the corrosion rate of carbon steel by a factor of five and to reduce the extent of pitting (Ref 19) . Extensive work has been conducted on the protective effects of Pseudomonas spp., Bacillus spp., and E. coli strains, including a broad survey of fifteen different bacteria which revealed that better biofilm formers decreased corrosion rates most markedly compared to a control .
Whether a biofilm community is corrosive or protective depends on a number of factors, including but not limited to species type, nutrient availability, reduction potentials, and electron acceptors (Ref 5, (24) (25) (26) . The picture that has emerged of a protective biofilm is one that shows continuous spatial coverage and high numbers of actively respiring aerobic cells (Ref [27] [28] [29] [30] , has specific competition with sulfate reducers (e.g., ''biocompetitive exclusion'' with nitrate supplementation) (Ref 15) , or actively produces antimicrobial agents against sulfate reducers (Ref 31) . Where biofilms and corrosion intersect, actionable understanding requires consideration of the microbial ecosystem as a whole, and the different roles that microbes can assume given the present environmental conditions.
For the particular ethanol fuel environments considered here, some sampling has already revealed relevant microbial participants. Williamson and colleagues conducted a broad survey of different fuels including E10, E85, fuel grade ethanol, and ethanol within production storage tanks (Ref 6, 32) . Acetobacter and Shewanella species, as well as sulfatereducing bacteria and members of Halomonas, Pseudomonas, and Corynebacterium, were identified. Notably, sequencing from DNA compared well with that from transcribed RNA, indicating that the identified communities represent prevalent and active microbes from these environments (Ref 32) . Specifically worth noting is that the metabolism of Acetobacter aceti aligns well with the sequencing metadata. Acetobacter and Gluconacetobacter were dominant in samples from tanks with pH less than five, implicating these bacteria in acidification of the tank samples through conversion of ethanol to acetic acid. A. aceti is able to generate ATP from the incomplete oxidation of ethanol to acetate, and generally the acetic acid accumulates as a dead-end metabolite which can be pumped out of the cells (Ref 33, 34) .
Following these microbial sequencing studies, Acetobacter aceti and sulfate-reducing bacteria from ethanol storage tanks were cultivated and shown to worsen the degree of stress corrosion cracking of steel over abiotic conditions (Ref 35) . In addition, headspace corrosion assays showed that the acetic acid production by the same microbes led to severe corrosion of both copper and steel. Interestingly, however, the corrosion rate of carbon steel in solution with A. aceti was lower than in the headspace above the same solution, and the authors observed (possibly protective) biofilms on the surfaces of immersed steel coupons (Ref 36) . Results presented here show, for the first time, the potential for A. aceti to inhibit, rather than accelerate, corrosion of carbon steel in the presence of ethanol. While these results are not intended to demonstrate that the laboratory phenomena observed here are occurring in the natural environment, they do hold promise for further development of a protective biofilm mitigation strategy by an organism that is prevalent in natural environments and that generates a corrosive metabolite at the same time as providing a protective barrier.
Given a simplified ecosystem with A. aceti as the only microbe present, the following hypothesis was tested: that the rate of corrosion of a steel coupon is a function of the number of A. aceti cells exposed to its surface. Quantifying numbers of cells in a growing system, particularly numbers of viable or nonviable cells within a biofilm on a surface, is neither easy nor straightforward. Every cell counting method has its limitations. For this reason, rather than exposing coupons to A. aceti and counting cells after corrosion had occurred, the number of cells delivered to coupons was carefully managed. In this way, cellular exposure becomes an independent and controlled input variable rather than an observed quantity subject to limitations of measurement techniques. Cells were delivered by a fluidic pump system that enabled precise relative control of the microbial exposure. Corrosion rate was quantified by mass loss measurements of carbon steel coupons. The results show that high numbers of A. aceti delivered to a steel surface can form a biofilm that decreases corrosion rate.
Materials and Methods

Experimental Setup
An Acetobacter aceti environmental isolate, termed ECT.1 (isolated from an Ethanol Containment Tank), was obtained from Chase Williamson and John Spear at the Colorado School of Mines. Details of the isolation can be found in WilliamsonÕs thesis (Ref 32) . The culture was maintained in a growth medium consisting of 0.5 g/L yeast extract, 0.3 g/L proteose peptone, 1 g/L NaCl, and 5% ethanol by volume. Media components other than ethanol were mixed in ultrapure water and autoclaved for 30 min at 121°C. Ethanol was filter sterilized through a 0.2 lm PVDF membrane and added to the medium after it cooled. Batch cultures were used to seed a constant biomass bioreactor, which was continuously replenished with fresh medium as a part of the fluidic delivery system used for the experiments. When needed for dilution, as described below, a water-based medium, termed ECW (Ethanol Contamination Water), was used. ECW was designed as a reasonable approximation of the water phase that may contaminate an ethanol fuel system and consists of the following trace minerals in addition to 1 g/L NaCl and 5% ethanol by volume: 4 Cl. This formulation was derived from reported compositions of rain water, ground water, and tap water (Ref 37, 38) . Minerals were dissolved in ultrapure water, and pH was adjusted to between 7.0 and 7.2 using 0.1 mol/L HCl. ECW was 0.22-lm filter sterilized prior to use.
Control of cellular exposure to carbon steel coupons was done in a relative manner, using the fluidic system shown in Fig. 1 . Fluidic connections were made using Tygon R3603* tubing run through parallel channels on the same 24-channel peristaltic pump (Ismatec IPC). Vessels, including the constant biomass reactor, the four mixing tanks, and the four coupon plates, were supplied with a pumped input stream and maintained at constant volume by allowing overflow of effluent liquids into a secondary containment vessel. First, growth medium was pumped into the biomass reactor (volume = 122 mL) at a constant rate (two lines at 0.165 mL/min each), thereby continuously diluting an A. aceti source culture and maintaining cell concentration at a somewhat constant value. The biomass reactor was continuously aerated using an aquarium air pump. Initial inoculation of the constant biomass reactor was 40 mL of a 3-day-old batch culture combined with 40 mL of fresh growth medium. The reactor was run in constant dilution for $24 h before connecting to the coupon exposure plates, allowing time for the growth rate to balance with the dilution rate of the reactor.
From the biomass reactor, three different lines pumped cells to three different mixing tanks. Through the use of tubing of various internal diameters (where on the peristaltic pump the internal diameter determines the volumetric flow, given the same pump rotation rate for all tubing), it was possible to mix these cell inputs with ECW in set ratios relative to each other. A *Commercial equipment, instruments, or materials are identified only in order to adequately specify certain procedures. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does, it imply that the products identified are necessarily the best available for the purpose.
fourth mixing tank pulled from the second mixing tank as its cell source, thereby performing a secondary dilution. The mixing tanks were set up to cover four orders of magnitude of cell concentration. The numbers designated in Fig. 1 refer to the fractional composition of each mixing tank coming from the biomass reactor, i.e., the 0.985 mixing tank was composed of 98.5% cell input from the biomass reactor and 1.5% ECW input. Other cell fractions achieved were 0.119, 0.015, and 0.0018. This system could tolerate some variability in the absolute cell concentration in the biomass reactor, since the relative fractions delivered to each mixing tank and therefore each set of steel coupons remained constant throughout the tests. The above fractions can be multiplied by the biomass level in the reactor to obtain the biomass load delivered to each set of steel coupons at any given time.
From each of the four mixing tanks, solutions were delivered through an inlet in the side wall of a plastic petri dish containing a number of carbon steel coupons. Coupons were arranged radially in an 85 mm diameter round plastic petri dish with randomized distances from the flow inlet. Fifteen to twenty-four coupons were exposed in each dish, allowing for at least triplicate samples to be removed after each measurement time interval (for final time points, up to five coupons were removed). Inlet flow impinged from a hole in the side of the petri dish at a flow rate of 0.2 mL/min. Outlet flow from the petri dishes was by overflow into the surrounding secondary container. Since all four dishes were housed in the same secondary container, the atmospheric exposure of each dish (i.e., oxygen supply to the surface of the solution) can be taken to be the same. Circular coupons were punched from a roll of low carbon steel shim stock (grade 1008-1010, conforming to ASTM standard A109, McMaster Carr). Elemental composition of these steel grades is the following, by weight percentage: 0.08-0.13% C, 0.30-0.60% Mn, £ 0.04% P, £ 0.05% S, with the balance being Fe. Coupon thickness was 25.4 ± 2.54 lm, and diameter was approximately 6.5 mm. Coupons were cleaned by sonication in acetone for 5 min, followed by three rinses in ultrapure water and one rinse in 200 proof ethanol. After air drying, each coupon was weighed for its initial mass and stored under vacuum until needed for testing.
The presence of grain structure in the carbon steel shim stock was verified by polishing and etching a cleaned, unexposed coupon. The coupon was polished through a sequence of 1200 grit sand paper, 2400 grit sand paper, 3 lm diamond polish, and 1 lm paper. It was then etched in a 2% nital bath for 60 s with light agitation, rinsed with water and ethanol, and blown dry. Optical light images were collected at a magnification of 509. The grain structure can be seen in Fig. 2 . A ferritic microstructure is exhibited.
Data Collection
Throughout the experiment, both pH and optical density (at 600 nm) were monitored in the constant biomass reactor and in each coupon dish. pH was measured with a refillable saturated KCl electrode linked to a benchtop meter. The instrument was calibrated daily with buffers at pH 1.68, 4, 7, and 10. Relative accuracy of the instrument is £ 0.002 pH units, reproducibility is ±0.001 pH units, and measurements were taken with a resolution of 0.01 pH units. Optical density measurements were taken at 600 nm on a UV-visible spectrophotometer. A few seconds were allowed at each measurement point for the reading to stabilize before recording, and recordings were taken with a resolution of 0.001 absorbance units. At each time point, three coupons were removed from each petri dish and subjected to the following analysis:
1. Live/dead cell assay: Excess liquid was blotted from the underside of the coupon, and 30 lL of dye solution were immediately applied to the surface. Dye solution was made of 1 g/L NaCl containing 5 lmol/L SYTO9 and 30 lmol/L propidium iodide (from Live/Dead BacLight Bacterial Viability Kit L7012, Molecular Probes Ò ). After a 5-min incubation, the coupon was inverted onto a coverslip and imaged at 309 with an inverted microscope and cooled CCD camera. GFP and TRITC filter sets were used to visualize the SYTO9 (''live'') and propidium iodide (''dead'') cells, respectively. Images were false-colored and merged in RS Image software and calibrated using ImageJ software (Ref 39). 2. Mass measurement: After fluorescence imaging, coupons were allowed to air dry, and a mass measurement was taken on a balance with 0.01 mg readability. This measurement includes corrosion products. 3. Cleaning: Coupons were immersed in ultrapure water and sonicated for 5 min to remove corrosion products. This relatively gentle cleaning procedure was selected with regard to the thinness of the coupons and visual observations that visible rust-colored corrosion products were removed in sonication. They were then rinsed in 100% ethanol and allowed to air dry. 4. Mass measurement: A final mass measurement was taken after cleaning, to indicate the final mass of the coupon At various stages, photomicrographs of some coupons were obtained using a stereo microscope and digital camera.
Two separate cellular exposure tests were run, each lasting for one week. At the close of the first test, cells were collected by centrifugation from a 15 mL sample taken from the bioreactor. 
Analysis
The A. aceti cell exposure of any given coupon was calculated from optical density measurements taken from the biomass reactor in the following manner: Cell exposure = (area under OD 600nm versus time curve) 9 cell fraction (i.e., [0.0018, 0.015, 0.119, or 0.985]) 9 exposure time 9 flow rate. This yields a number for cell exposure in units of absorbance units 9 mL. Since optical density is proportional to the cell concentration (cells per milliliter), this cell exposure number is proportional to the total number of cells exposed to the coupon surface over the course of the week-long test.
In the case of abiotic control tests, where cellular exposure is not applicable, hydrogen ion exposure was calculated instead. Hydrogen ion exposure was calculated from pH measurements in the coupon dishes of the A. aceti-containing test, in a similar manner to the cell exposure calculation, i.e., H + exposure = (area under [H + ] versus time curve) 9 exposure time. This yields a number for hydrogen ion exposure in units of (mol/L) 9 h which was then used as a basis for comparing biotic and abiotic corrosion rates.
Corrosion rate, in millimeters per year, was calculated as rate = W/(ATD), where W is mass loss, T is exposure time, A is coupon surface area (33.2 mm 2 ), and D is coupon density (7.85 g/cm 3 ), according to ASTM standard G31-72 (Ref 43).
Control Experiments
Control coupons were exposed to the same fractions of growth medium as described above, but in the absence of bacteria. Both flowing and static tests were conducted, with hydrogen ion exposures and total fluid volumes matched to the A. aceti tests, i.e., the pH values for the test solutions were chosen such that the integrated H + exposure over the course of the test was equivalent to that measured in the bulk fluid (i.e., above and not below the biofilm) of the flowing tests with bacteria. Low pH values for the test solutions were then achieved through the addition of 1 mol/L acetic acid to the 0.0018, 0.015, 0.119, and 0.985 growth medium/ECW blends. Flowing control test solutions also included 0.1% glutaraldehyde to inhibit bacterial contamination. Glutaraldehyde has been shown not to affect steel corrosion at concentrations significantly higher than 0.1% (Ref 44, 45) . The control test flow setup was simpler than the A. aceti test since media fractions could be premixed in bulk for flow directly into the coupon exposure dishes.
For the static control test, coupons were immersed in 100% ethanol for a few minutes before placement into test vessels, as a sterilization technique. In order to match the hydrogen ion exposure [in terms of (mol/L) 9 h] to the A. aceti test with a minimal amount of handling, three solutions were mixed for each media fraction, each with a different pH. Table 1 shows pH values of the solutions mixed, and the time that coupons were exposed to each. These values integrate to yield similar hydrogen ion exposure values as the flowing tests for each cell/media fraction.
Results
Periodic sampling of microbial environments in the cellular exposure tests revealed behavior consistent with expectations of A. aceti growth and metabolism. Laboratory batch cultures of the ECT.1 isolate grown in the described medium at room temperature, and shaking at 60-100 rotations per minute, show a doubling time in logarithmic growth of approximately 5.8 h (data not shown). The duration of the logarithmic growth phase is approximately 48 h at this growth rate. In the constant biomass reactor, both pH and cell density were maintained at relatively constant levels (pH % 4, OD 600nm % 0.01) by continuous dilution with new growth medium. Given the bioreactor dilution rate of 0.33 mL/min, the A. aceti source culture maintained in the bioreactor was growing with a doubling time of approximately 4.3 h. Figure 3 shows pH and OD 600nm measurements taken from the bioreactor throughout the experiment.
As the A. aceti culture was diluted and delivered to the metal test coupons, cells began to attach to the coupon surfaces, establishing adherent biofilms that began to drop the pH of the dish solution. Figure 4 shows the plots of the pH of each dish over time. The dishes receiving lower cell fractions remained at a pH above 7.5 (corresponding to the pH of the ECW/growth medium mix without cells) for a few days before the pH decreased, while pH in the dishes receiving higher cell fractions decreased by more than one pH unit within hours. After a week, the pH reached values less than 4 in all four dishes.
Fluorescence micrographs of live/dead-stained biofilms on coupon surfaces throughout the course of the experiment showed earlier and more comprehensive surface coverage of the coupons with higher cell fractions. Figure 5 shows the time course of biofilm development on coupons with the highest cell exposure in the 171 h A. aceti test. Figure 6 shows representative live/dead fluorescence images taken at the end of the week-long exposure, when the lowest cell fraction (0.0018) coupons showed intermittent, spotted coverage with primarily live cells, and the highest cell fraction (0.985) coupons showed a continuous biofilm with a mix of live and dead cells.
Visual observations of the coupons showed development of typical rust-colored corrosion products, although the coverage of this corrosion product was considerably heavier on the low cell fraction coupons. High cell fraction coupons remained almost free of rust-colored corrosion product throughout the test while in solution. Upon drying, some corrosion products were apparent on the high cell fraction coupons. Figure 7 shows three replicate coupons taken from each of the four cell fraction dishes after 146 h of exposure. Coupons were allowed to dry in air without removal of corrosion products. Coupon appearance is consistent across replicates and noticeably dependent on cell exposure.
After cleaning to remove corrosion product, coupons were weighed, and mass loss was used to calculate the corrosion rate of each coupon under the various cell exposure conditions. Data from the two separate tests, along with the control tests, are compiled in Table 2 . In Fig. 8 , the data for the A. aceti tests are plotted to show the dependence of corrosion rate on the number of cells exposed to a coupon surface. Higher cell exposures resulted in lower corrosion rates. A 1000-fold increase in cell exposure resulted in an approximately 10-fold reduction in corrosion rate. A logarithmic fit to the data shows a strong inverse dependence of corrosion rate (y) on cell exposure Scanning electron microscopy of the cleaned coupon surfaces also revealed different corrosion morphologies according to cell exposure level. As shown in Fig. 9 , coupon surfaces with low cell exposure and higher corrosion rate showed noticeable pitting. In contrast, no pitting was observed on the 0.985 cell fraction coupon images.
As a control, the effects of high acetic acid concentrations without the influence of biological factors were examined in both flowing and static control tests. In contrast to the results seen with cells present, these tests showed a relatively constant corrosion rate across the range of hydrogen ion exposures tested. Figure 10 compares the results of the A. aceti tests and the abiotic controls on the same hydrogen ion exposure axis. After grouping results by media fraction and the presence/ absence of cells, a folded F test was used to test equality of the group variances. Variances were found to be equal between the A. aceti and control groups at each media fraction, allowing the use of two-sided equal variance t tests to determine whether the same group means were significantly different. The t tests showed that the presence or absence of A. aceti did not significantly affect the mean corrosion rate at a media fraction of 0.0018, where the number of cells delivered to steel coupon surfaces was very low. For all other media fractions, the t tests showed significant differences (p < 0. 
Discussion
Taken together, the results shown here indicate that an A. aceti biofilm is able to protect a carbon steel surface from corrosion even while producing a corrosive species like acetic acid. By varying the number of cells delivered to steel surfaces, the time scales of biofilm development and acetic acid production were varied over orders of magnitude. Higher delivered cell numbers led to more biofilm coverage in shorter times and lower pH due to acetic acid production. Corrosion rate showed a strong inverse dependence on cell exposure.
A priori expectations might be that lower pH would lead to an increase in corrosion rate, as has been shown in abiotic steel corrosion tests (Ref 46) , and in tests contrasting the presence versus absence of A. aceti and biologically produced acetic acid (Ref 35) . Sowards et al. demonstrated a sharp increase in stress corrosion cracking in the presence of A. aceti, relative to abiotic controls that were close to neutral pH with no exogenous acetic acid present. For tests in the presence of A. aceti, cells were introduced to the steel at relatively high numbers (approximately 10 7 cells/mL) in solutions that were already at low pH (3.3-3.6) due to produced acetic acid (Ref 35) . These test conditions may not have allowed the formation of a protective biofilm before the steel was exposed to the highly corrosive test solution. In contrast, in the A. aceti tests described here, test conditions allowed biofilms to form on the steel concurrently with acetic acid production, such that there was an opportunity for a protective biofilm to form before test solutions reached very low pH. Rather than an increase Table 2 Raw mass loss (ML, in mg) and calculated corrosion rates (CR, in mm/year) for data depicted in Fig. 8 in corrosion rate for low pH (and high cell count) test solutions, a decrease in corrosion rate was seen. Control tests were designed to isolate the effect of cells as much as possible, by lowering control pH using acetic acid at concentrations matched to those seen in experiments containing cells. Control tests confirmed that reductions in corrosion rate were due to the presence of cells and not other differences in media composition. Within the control tests, however, the corrosion rate remained relatively constant across different levels of hydrogen ion exposure (and different media fractions), when it might have been expected to increase with higher H + exposure. Some cloudiness was observed in the high media fraction dish of the flowing control test by the end of a week. It was suspected (although not determined) that this cloudiness resulted from precipitation of some media components and not any significant bacterial growth. No biofilms or cloudiness were visible on the control test coupons themselves. The effect of different media compositions alone on corrosion rate was tested (i.e., 0.985, 0.119, 0.115, and 0.0018 ratios of media to ECW without any added acetic acid to drop pH; data not shown), and no significant correlation between media fraction and corrosion rate was seen after 143 h of exposure. The decrease in corrosion rate seen in these experiments is therefore attributable to active formation of protective biofilms on the surface and not to other experimental variables.
A few mechanisms have already been proposed to explain MIC inhibition, including neutralization of corrosive substances (e.g., oxygen consumption within the biofilm) and provision of a physical protective barrier (e.g., extracellular polysaccharides) preventing contact of corrosive substances with the surface (Ref 25, 28) . The first mechanism, oxygen consumption, is likely to be at play in this study. A. aceti is an obligate aerobe that can couple incomplete oxidation of ethanol to oxidative phosphorylation, thereby consuming oxygen and depleting it from the medium. The oxygen profile within an actively respiring biofilm can create anaerobic conditions within one hundred micrometers of an aerobic interface (Ref 47) . It is hypothesized that A. aceti biofilms may protect the steel surface from corrosion by oxygen, through consumption of oxygen through the depth of the film. This hypothesis would need to be confirmed by measurements with a dissolved oxygen probe, which were beyond the scope of this study. The presence of a diffusion-inhibiting protective barrier, formed by cells and secreted extracellular polysaccharides, is also likely to be a factor. However, such a barrier could act in two opposing ways: it could either limit the concentration of acetic acid reaching the metal interface, or increase it by hindering its dispersion into the bulk fluid. Since pH measurements were taken from the bulk fluid phase overlying the biofilm in the test dishes, it is not known what the pH within the biofilm or at the metal surface may have been. Imaging of pHsensitive dyes or nanoparticles (Ref 48, 49) entrained in the biofilm matrix and near the metal surface would identify major source points of acetic acid within the biofilm and any pH gradients that arise as a result. The biofilm may also provide a physical barrier that stabilizes protective iron oxides formed at the metal surface; this is another hypothesis that can be tested with future work involving imaging and elemental analysis of the metal-biofilm interface.
Many complicating factors must be addressed before corrosion-inhibiting biofilms are ready for field deployment. Not least of these are an understanding of biofilm coverage on the macroscale (both area and thickness), which has been described as stochastic (Ref 15) , and an understanding of competition and population dynamics among the microbial participants of a protective biofilm. However, when compared to other corrosion control strategies (e.g., protective coatings, corrosion inhibitors, oxidizing and nonoxidizing biocides, anodic and cathodic protection, or corrosion resistant metals and alloys), protective biofilms provide many potential advantages. If implemented correctly, these ''material probiotics'' could protect infrastructure as well as the environment while providing a cost savings over other methods.
